
.

1

.-. .-7L,

.,.

-4&A-
.

JUL I !1947 .
NATIONAL ADVISORY COMMITTEE

FOR AERONAUTICS ,)

r TECHNICAL NOTE

No. 1359

EXPERIMENTAL VERIFICATION OF THE RUDDER-FREE STABILITY

THEORY FOR AN AIRPLANE MODEL EQUIPPED WITH A RUDDER

HAVING POSITIVE FLOATING TENDENCIES AND

VARIOUS AMOUNTS OF FRICTION

By Bernard Maggin

Langley Memorial Aeronautical Laboratory

, &wga;f
‘.

●

~~—~lw@”Tm wo~

,“



NATIONALAIWSSORY COMMITTEEFOR AERONAUTICS

.,

TECHNICALNOTENOc 1359
.

EXPERIMENTALVERIFICATION OF THE .RUDIER-FREESW31LITY

ZEEORYFOR AN AIRHLMNEMO~ EW13?PED WITH A RUDJ33R

HAVING POSITIVE FLOATSNGT131~TC~ AND

VARIOUS AMOUNTSCl? FRIOTION

By Bernard Maggin ,,

SUMMARY

An investigation has been made in the Lengley free-flight ~
tunnel to obtain an experimental verif icatlon of the theoretical
rudder=f.ree dynemic stability characteristics of an airplane model
equzpp$xi with a rudder having ~osi.tive floating tendencies end
various amounts of friction in the ‘&udder sys tern, The model
Was tested mounted on a ye,w stand that allowed freedom only in
Saw, end a few tests, were made in free flight. Tests were made
with vsrying amounts of” rudder aerodynamic %al~ce, Most of the
stabil~ty derivatives required for the theoretical call.cd-ations
were determined from force and f r~e -oscillation tests of the
model ● The investigation was lihited to the low relative-density
range. ., .

L&e results of the tests and calculations indicated that,
with negli.giblq f ,tiction in the rudder. control sy8tem, the
general rudder-free stability” theory. adequatel@ predicts the
period and qualitatively predicte the damping of the rudder-free
oscillations for the normal mm$e of ‘airplane and rudder parameters ●

If the general theory is simplified by neglecting roJ2ing, lateral
dis@acement of the center of gravity, end rudder moment of inertia,

. the theory still adequately p?edicts the period and quantitatively
@redicts lower values of the damping of the rudder-free lateral
oscillation. The investigation showed that, with friction in the
rudder system, a constant-am@itude oscillation exiets for a range
of cotribinations of positive floating-moment end negative res~ri.ng-
moment parameters. A sinplif~ed theory approximating solid friction
by an equivalent tistious friction predicts the characteristics of
the rudder-free lateral stabil~ty for.valuesof friction hinge’-~~ent
coefficient in the rudder system encountered ti.th present-day
airplanes ●
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Dynem}c instability in the rudde~-flwe’ .cgiwlition has been
experienced by scmi& tirplanes. Other airplanes have performed
a rudder-~ee os~il.lati.on called ‘Isneking, 11in which the airplane
y&w and ruddef motions” are so couple,d as to maint tin a constant-
smplitude yawhg oscillation. These. p~enquena have’ Wen the
sub ject of various thecxratical Inve,at$gations, and the f actors
affecting the rtider-free stability have been explored and
defined in the thmreticxil analyses. of reference% 1 to 3.

In order to obtain an experiment d. check of the various rudder-
i’ree theories, a series of teats has been conducted with a

1—-scab airplane model in gliding flight in the Lengley freo-
7
f ligilt .tnuu’lel ● T%e first, pxrt-of this insmtigetion dmlt tith ‘.
the. ‘ezpevimentai result~, of’ tcmts made to iietemzLnG tho ruddeP-
free dynamic stability characteristics of an airplane model
equipped with rudders haviz~ nofyitive floathg @XM3.e=ie8 @“
n@l.ifli13~e friction. (Seo ~~ference 3.) ThQ resfitS of the
second ywt of this Investigation, preswted herein, deal kctth
the rud~er-freo ~~c stability of the modol oquipyqd -i+-$th I
a rudder hayi~ pqsitivti floating t.ondenoie~j naga.;ivo. rest.orlng-”
t endencios, and varying emcfunts of friction in the ~dder. “&qtcnq.
For convenioncc an dll-movable “vertiocd. t~l w wed to” ob~a~p
positive float ing tendencies, but the results am applicah}e, $0
any rudder havi~ tho rengo of yaremeter~ con&idered. ...,,.,-

‘ The mpdel wam textod both in freo flt@rL and mounted on a
yaw stand that allowed freM.oL only in yaw in oraor t-o det erpdne.
czperimcnt ally the differences ceusod hy UC@@Gt of th: roll-”’

.. and M&awl motions of sn airplane with rudder free’.

In order that the r6sults o%t afn~d by theory and exptik’nt
mf@t be correlated for thu ‘conditions without fricticm in tho

. rudder systcau$ celculatiolis wore msik hy Gqt.wii@ in+olvi~
four dqy,ees of fremiw. &.& By equaticms involving fewer degrees
of fred.am end n@.E+ct i= vb.ri ous airplene and Xwdd.cr parcczx%r.s ●

(~ee ref~encc 3.) For conditions with friction “~n the ruddm
13Y@~, C&dCtib3tiCUIS woro Lwdc3 h:~ a stiplti’iod theol’y apprOXtiati~
stilid friction by an eqtiiwlcnt viscow~” friction, (SCC7ruferdnco .4. )
VW’ious ‘force, “bingo -mcment, tmd free -osci3J_a.tiQn tests were made
In, oriier “to .dvtetmd.nb “aczw of tho stability, derivative~ JIM the
rudder-free” stability”” CkCLculattons ● . ,---

.“
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w

v

s

b

c

Sv

bv

m

%

kx
.

k

%

ZV

Iv

2

P

‘r

t

Q

P

v

weight of model, pounds

free-stream airspeed, feet per second

wing area, square feet

ting Span} feet

wing chord, feet

vertical-tail (rudder) area$” square feet

Spsn of

mass of

mass of

verticel tail

EDiel, slugs

vertical ttil

ratius of ~ation of

radius of gyration of

radius of ~ation of
axis, feet

(rudder), feet

(rudder), slugs

mdel about longitud~al (X) axis, feet

model about vertice3 (Z) axis, feet

vertical tail (xwdder) about h-e

distance from center of gravity of vertical-tail (rudder)
system to hinge axis, feet; positive when center
of gravity is–back of hin& -

moment of inertia of vertical tail (rudder) about
lime, slugs per square foot

distance from mxiel center of gravity to vertical
(rudder) hinge Mne, feet

period of oscillations, seconds “

time required for motions to decrease to one-hslf
seconds

(

time, seconds

()
-c weswe, pounds yer square foot ~.

mass density of air, slugs per cubic foot

nmdel relative-density factor (m/pSb)

hinge

tail

amplitude,



vertical-tail (ru~er) relative-density

(m’v/@v@)

root -mean- squa~e chord. of vert icel tail
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fact or

(rud.ti), feet

angle of sideslip, radians @Es otherwise stated

angle Gf yaw, mdians unlees. otherwise Aated

rudder angulex Leflecti.m, madiens unless otherwise
et ated

-( ),lift coefficient– ‘~’
,qs.

lateral-force coefficient

\

Laterel force

)@ ,

rolling-mcment coefficient
(w

ROlli

)

mme@

. . ql?h

(wYawlyawin4q-ncment coefficient

“)

mcm&t

., q,%

hinge-mment coefficient

rT.T7

friction-hinge-mument coefficient
( )

-~iction hinge maent
... . . .. .

@’v%2

rate of change of latersl-fcmcb coefficient with angle
of” Sideslip (Wypp}

rate of–change 6f rolling-munent coefficient with angle
or Sideslip (aclpp) .

—

rolling engulw velocity, raiiiansfper ~eco~ .

yati”ng ang@K.velocLty, re.diem per second
.

rate of ch~ge of ro~in&@am@nt cgeffigient with rolling

( %) ~ .
emgul&-veloc3ty -factor *Z

rate of ch~e of rolling-mmnent coefficient with YaTd.W

-=.-velocity factor (aCzp$) - ~

.
.’
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rate of’ chsnge
of sideslip

rate of change

of yawing-moment
(acJaf3]

of ymd.ng-moment
engular deflection (ac~aq

rtite of change of yawing-moment
/

coefficient with angle

coefficient with rudder

coefficient with rolling

angular-velocity factor
Q%%) -

rate of change of yawing-moment co:~f icient with yawing

angular-velocity factor
(’cnl%)

rate of change of rudder hinge-moment coefficient with
sngle of yaw (W@~); floating-moment parameter

rate of chengo of rudder hinge-moment coeff &cient with

WV)yawing engubz-velocity factor ‘W &

rate of change of rudder hinge-moment coefficient with
rudder angular d.sflectian (~ch~ ); restoring-mment
parameter

rate of change of r~dder htige -mc,ment cGe icient with

“( K?]
rudder angular-velocity factob 8Ch ?l ~

,.

amplitude of yaw” os6il~ation, de-&reeS

amplitude of rudder oscillation, degrees

Routh *s discritinant: bourkam
the lateral oscil~atlon -

A23?ARATUS

The tests Were made In the Lemgley

for zero damphg of

.

free-flight tunnel. a
complete description of which Is given- in refere~ce 4, Th:

model used sin the tes~ was a modified ~-seal.e model of a

Fairchild XR2K-1 airplane. Figure 1 is7a three-view @awing
of the model. The mass, dimensional, and aerodynamic character-
istics of the model are presented in table 1.

The vertical tail (in this ca~e, the rudder) of the r!!del. was
a straight-taper all-nmvable surface with an adJust~le hinge line.



‘Jsriation of the rudder hinge line allowed for adjustment of the
rudder f lost in+cc-mment pwameter Chv md the rudder restoring-

Moment p.remeter c~a . In addition U% was adjust ed by a special

spring attachment. Figure 2 $G a s@tgh s@wing this specieJ-
spring attachment, the rudiier -fr&bing sydwm, end the friction
system. The magnitude of %he friction m~nt “in the rud@r system
was !det ermined by a torque meter which R@. stered” the torque
required to maintain a ~teady rotation of the rudder Yost and
pulley.

.
A photograph of the model inst al.led on the yaw at and used

in the tests 3s shown as fi.gwe 3. The stand was fixed to the
tunnel floor and snowed the model cmnylet-e freedm in yaw but

Tests were &a&eto determine ~he geriod =d dmp~~ of
rudder -free ls.tersl oscil.lati on cd? Me model in free “flight
mounted .on the. yaw stemd.

.

.

the

.

Free -flight tests of the model were. made for the conditions
for which data sre presented under the “dFlight” columns of

.

tables 11 and III. These tests were made by ~~ing the nmdel In
tho tunnel-and by photographing the rudder-free l.at era osci~a~om
ae described in reference. ~ . ‘I’he fli~!t -test progrsm was not
more extensive because of the difficulty of obtaifine film records
of sufficient length duri~+ the uncontrolled part of the f H.@b
to determine accurately the period” and demplng of. the latersl
oscillation.

The yaw-stand tests of the model were ma~e as described in
reference 3, for conditions ftir which data are ~esented under
thb “Sten&” columns of tables II and III. These tests were
made under conditions reproducing those considered in the
_tical treatment of. reference 2.

The stability derivative”~ used in the ccdculatione were
‘obtained by the methcds described M referenoe 3.
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SCOPE AND MEI’EOIEOF CALCULATIOKS ‘

By use of the ccIef ficients given in table I, c,alculat ions were
made of the damping and period of the rudder-ftree lateral oecillatims
of the model without friction in the rudtir system for the range of
rudder pmmeters indicated in table II. These celculatione were made
by equations that provided four degrees of freedcm S.S well as the
fewer degrees of freedom which resulted frcm the neglect of rolling ‘
or ikom the neglect of rolling ‘and sidewise displacement of the center
of @avity as described-.

Calctiat ions were elso made of the per”iod and aplitudes of the
rudder-free lat erel oscillation of the model end of the rudder with
friction in the rudder system for the renge of rudder Taremeters
indicated in table III. These celculationd were made by a simplified
theory approximate ing solid friction by an equivalent viscous friction
proposed in reference 2.

FLESULTSm DLSCTJEEION

The results of the tests end calculations of the airplane end
rudder motions ere presented in tables 11 and 111. Table II gives \
the yeriod and reciprocal” of the tima to demp to one-half mplitude ,
for the conditions invest igated without friction; t a%le III gives
the period end amplitudes of the airplane &d rudder motions for the
cond+tio~ investigated tith =iction.

The reciprocal of the t k to deq to one-helii ,anpli.tude was used
to evaluate the demping because this veil.ue is a Mrect rather than an
kverse measure of the de~eq of stability. Correlations of the
calculated end experhentel results ere presented in figures 4 to 8.

Rudder-Free % ability” without Friction

Celcul.atibns and tests ~- The stability calculations made by use
of the Seneral theory indicate thht the motions of en airplane with
rudder free consist. of two aperiodic modes and two oscillatory modes.
In each type of mode, one mode has a period two to s= times the other.
When rolling is neglected, or rolling and sideslip are neglected,, the
equations of motion predict only the oscillatory modes. If rolling,
lateral motion of the center of gravity, and rudder moment of inertia
are neglected> on@ one oscillatory. mode is predicted. This mode
corresponds to the long-period mode predicted by the general theory;
The yaw-stand and free-f liaht test results (table II end f im. 9
end iO) “indlcat e that this-lo~-yeriod
mot ion of the airplene, .,

1

mode -is the predomim-nt” yawtng
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All tho theories reaeonahly predict the yeplods and values of
.

floating-moment and restoring-moment parmaeters for zero dmqying
of the rudd,er-”f’ree .lguteral oscillation. Values of the dsrnphg of
the motion.,yredicted by the vsrious theories, however, sre not
j.n 4Weonent ● (See table II end. fi~. ‘4. ) Neglect of the -terms
involvi~, lateral’motion of theoenter of @avtty”resulis in an
ap~reciahle reduction in the predicted veJ~’~ of the demping of
tho rudder-free lateral oscillation.

Correlation of ca&ulated and ex~e&i_&@Q. ~ata.- Good qual$-—. — .— — .—..
tativo ~eement In p~wkl.ction. of the R ‘= 0’ bofidary ly t~oory 5nd
b~ tests i8 shown in figure ~, which preeents a re~esentative
calculated R = O houndeqy and the remge of col@tions covered
herein. The yawing and rudder oeci.1.lations & tti.e aizplane as
obtainod from yaw-stan~ bests for tests 6, 7, 9, and M. (see table 11)
are presented in f’i~ure 10(&).

The data of figure 4 show that tho’portod of the airplane
yawlnf.motion o%tained In the tests. is reasonably ~Wedfcted by
axxy of the theories considere& but that the damping of the
motion obtained from the tests is” in only fair quelitati.ve
agreement with the theorie~. The dsmpi~ obtained in the yaw-stand
tests a@eos more closely with the theory neaecting lateral.
Ms:placement of the center oLgravity Wd rollin< than with the
more comllete theories. This result is to be .pxpected.because.
theyaw-stsnd teats simulate t-he restjjictioas of the theories
neglecting rolling and sid.eslip, @ n.eglectiing roJ2.in& sideslip,
and rudder mcznent of inertia. It would also be expected that the
flight-test results would be predicted best by the ~eneral theory.
Flight ‘tests, however, were not .cxtensive enougk.to itiicate which
theory would predict the rudder-free lateral stdbility character-
istics in free fli,@t.

l?rcm these data i% ajjpears that the theory “ne@.ecting lrnolli~,
lateral displacement of the center o&gravity, sndr udder moment
of inertia gives lower wil.ues @ damping of the ru@er-free lateral
oscillation than the general theory but can be used to ~edict,
at least qualitatively, the characteristics of the .mdder-free
notion of the tirplane.

.Rudder-Free Stability with ~rictio~
,’

Calculatlone .H The results of cgd.culations ~howi~ the effect
of friction ii the rudder system me preeented in table III.
These ’data indicate that for scmm combinatio~ of restori~-moment
and floati~-mmuent parameters a constant-smplituite yawing
oscillation will result. This oscillation consi.ets of a-
moti~ of the airplane aoc~p~ed by a ruddaw oscillation.. .
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The amplitudes of these oacillatione are proportional to the
omount of frzction in the system hut the”poriod is independent of
friction. Figure 8 sh~s the cauibinations of Ch,{, and Chb

which result in this friction phencmenon- ‘+

g&f3tt&.- The results of the yaw-stand and fli@t tests
presented in table III and in figures 9 and 10 show that witih
friction in the ruddei- s~stem there-is a constsnt-smplitude
oscillation for a r-e of restoring-moment and floating-moment
paremetersfor which, with.negligible friction, there Is a
demped oscillation.

9

Correlation of calculated. end e.mrimental. data.- ~ figures 6
to”8 the results of the teste and oalcule.tiions made to evsluate
the effect of friction on the rudder-f~ee lateral stability character-
istics exe compared. The data of figure 6 show good qualitative
&@reement of the damping reqults. obtained by tests and by calculations
and indicate that the theory of reference 2 can be used to predict
the region of constant-empld.tude motion resulting from friction in
the rudder system. Figures 7 and 8 show that quantitatively the
theory of reference 2 predicts the period of the constant-mnplitude
oscillation through the range of vsriahles considered but that
the amplitude of the rudder end airplane motions are reamn.eMy
predicted only up to values of friction-mcment coefficient of
about 0.015. yhis v~ue of fiic~ion.moment coefficient is well
a%ove the average friction-moment coefficient of present-~ay
airplanes, according to a British summry of actuel friction hi~e
moments of service airplane=. This S~ showed a minimum
frictlonmanent of 1.7 foot-pounds and am&imwn of 10.5 foot-pounds.
The average friction moment was 4,4 fOOt-pO’Jnd8, which corresponded
to a VdJIO Of Chf Of ().o~o.

The data of figwe 8 show that the theoretical variation
of the amplitudes of the sSr@ane yawing motion end rudder motion
with friction is a strai@t line. The test results, however,
indicate that the amplitudes are not a M.neer function of friction
hut that the rate of increase of amplitude ~fith friction beccx.ues
smeller with increasing friction.

CONCLUS1ONS

The folloting conclusions are based on the results of en
investigation conducted in the Lengley free-flight tunnel to
determine the imdder-free &@smic stability characteiaistics

..
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.
of an airplane model having & rudder with positive floatinq
tendencies:

1. For the case of negligible friction in the rudder control
system, it appears that the general. rudder-free qtability theorY
adequately predicts the period end qual.itativelyp redicts the
damping of the rudder-free oscillations for the normal range of
airplane end rudder parameters. If the general. theory is simplified
by neglecting rollin~, lateral di.splacememt of the center of gravitY,
and rudder moment of inertia, the theol~ still adequately ~redicts
the period and quantitatively predicts lower values of%iamping of
the rudder-free Iaterel oscillation.

2..The investigation showed”tkt, with friction in the rudder
syst6m, a constant-amplitude os~ill[~ti~”tiists for a rang~ of
combinations of positive floating-moment end negative restoring:
moment -parameters. A simplified theory approximating solid friction
by an equivalent viscme”friction pre~ct~ the characteristics of
the rudder-free lateral stabil.i~ for val.ties of friction hinge-
moment coefficient in the rudder system encountered with present-
day airplanef3.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics

Langley Field, Ve,., June lk,, 1946

.
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TABLE I

MASS, DIMENSIONAL,AND AERODYNAMIC

CH&WTERISli!ICS 03? MODELTJEM!ED

● ☛☛☛

● ☛☛☛

● **W

..*.

.* ”..

● *,,.

***.

● ✎✎☛✎

.***

● 9.*

● ***

● #b*

● a*.

● **.

● **.

● ☛☛✎

● 4.*

.*. *

.**.

● **.

● *..

● . . .

.*, *

● ***

3.94

1.08

3 .&7

k*75

c).785

1.85

0.278

0 ● 667’

0.416

1.53

3 .1!25

12.@-

0

()ZK2--* ● . . . ● . O.ozq
b/

()
2.

‘z’ . . . . ● OS 0.0516
T

“cn~”””” g””” -0.0646

0.0841Cap . . . . . . . .

Cz ..” . . . ...-0.0573
P

dip””””””””--

CL””-””-”* 0.60

c~ . . . . . . ..-o.49
P

Cap . . . . . . . . -(l.0173

C2 . . . . . ...0.165
r

Cm . . . . . . ..-o.106
A

_

f’ uIcv‘hb c%) I C% ChD~ .—

!I

II

-0 .oy3
- .C@ 0.079 0.061 -0.079 0, 0CQ599-0154
-.220
-Oo11
-.o24
-.072
-.otu .156 .124 -.069 .000497
-“.120
-.147
-.228
-.007
-.073
-.154

..236--- .184 -.062 .000443

-.243

NATIONALADVISORY
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----
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1.63
l.p
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1.1o
1.12
1.38
1.=
1.30
1.37

:$
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1.16

P

1.01
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1.30
1.34

Jm

:2
.*9

l,cd
1.34
lom
La

.735

.*
1.0$,
1.M

P

1.05
1J31
1.39
l.#

.’U9
.----
-----

.%6
----
1J9
.----
1.?J.

.766

1:%
1.23

z

:%

.419

.273

.m

.433

.2!9

.lw

l/%

4.022

.&a

.972

.!x13
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------
------
.825

------
1.09.
------
1.09

-3.46
.??5

1.22

lJE

1

1[
F {

-OS@

2 .W5 -.@
3 -w
h -.a
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6 -.024
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9 -.120

-.wl
: -.17s
1.2 -.22+3

-0,34

1.14
1.38
1.39

-3.32
-;.IJ
.

1.07
1.39
1.b9
lM
1.$9

-4.63

1:%
1.59

1.04
1.19
1.36
1.43

.W9
-----

4.35
1.13
1.37
1.37

-3.37
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+.633
.’m
.993
.93

-3J9
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1,C9
1.26
1.39
1.46
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-----

.973
--..-
1.L9
-----
1.30

.-@

.@@
1.09
1.22

1S9
----

w
----
1.42
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1:2
1.%

ti.k.o
1b,16
14.16

15.17
IL76
*.77

u.n
14.e9
u?.%

.723
------
1.U
......
1.1o

4.%?
.$7?2

1.26
1.20

14.B
M.17
lb.17
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.TABLEIII.- CWARIWN OF PERIOD~ JMMP~ FRC14l?REE-3’IJ~

AND YAW3TAND TESTSAND FSOMOALOUIATIONS

[lmifMxnIn rudderayottwl]

Test Condltims Cabllaticala
F1

P

Y

P

Btam

T- 7

8L6

[

12.3
24.6
36.9
49.2

(a)

5.86

(4.88

1.
9.76

14.64

( 22

[
9.3.2
u.16

(
2.a
9.37

[
8.06
10.70

(b)
.....
-----

(b)

(b)

(
Q.%?

:::
,11.fx

‘2.74
:.=

L

●

10.96

(2.9

~2:;

-----
-----
-----

%
Pv

O.o’lgl

●9

.156

.156

.156

J%

.156

.156

z%

.156

●UJ5

.236

.236

.236

-0.038

-.065

-.02i

-.072

-.081.

-m

-.120

-.147

-.175

-*W8

-.106

-.113

-a%

-.198

0.0043

[

.0041

.0082

.OI.23

.0164

.0041

.0041

{

.0041
A-082
.Q=3

I:2.OI.23.0164

{

:%%
.W23
.0164

{

:%
.OI.23

.0041

.0041

[

.0041

.m82

.03,23

.0164

(

.oo41

.0082

.o123

.0164

{

:x$
.0123

[

.0041

.0082

.0Z23

1.6

1.5
1.5
1*55
1.45

(d

1.3

1.35
1.45
1.65

1.30
1.6
1.6
1.1

2.42
1.7
1.6
1.7

(b)
----
----

(b)

(b)

1.6
1.5
1.45
1.5

.90

.90

.92
1.5

1.1

/]

b)

;

10.5

6
6.7
10
10

(a)

6

8
6.2
7

2.5

;.5

5

2:;
701

(b)
---
---

(b)

(b)

5.5
5.5
5.5
7

:

?::

2.7
4
5

/

b)
b)
b)

4

4.5

2
.5
.5

6

(8)

8

5
5
5

;.5
5.5
5

5*5

2
6.1

(b)
---
---

(b)

(b)

1.2
1*5
2.0
1.7

;.5

5.5
7

2.5
4.2
4.5

{1

b)
b
b

1.26

}

1.27

(a)

1o11

}
L27

I1.47
I
1.%

(b)
----
----

(b)

(b)

I

1.33

I

1.25

I
1.4

-...
----
-...

6.07

20.1
koo2
50.3
30.4

(a)

LO.5

7.87
15.74
23.Q

2.98

2:$
1.56

2.15
4.3
6.45
8.60

(b)
----
----

(b)

(b)

4.08
8.16
12.24
L6.32

4.68
9.36
L4.04
L8.72

2.4
4.8
7.2

----
----
----

--- ---

.-.
-..
---
---

(a)

3.7

---
---
---

---
---
---
-..

2
-..
..-
---

.-.
---
---

(b)

--

---
---
---
---

-..
-..
---
---

-..
---
---

---
---
---

---
---
..-
---

(a)

1.2

---
---
...

---
.-.
---
---

1.5
---
---
---

---
.-.
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---
---
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---
---
---
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